Abstract Combining a functional plasma polymer matrix with antibacterially active silver (Ag) within a nanocomposite structure allows secure production and applications in various fields, especially in the medical sector. Therefore, nitrogen or oxygen containing hydrocarbon plasma polymers and Ag nanoparticles were simultaneously deposited. Functional groups such as amino or carboxylic groups as well as an adjusted amount of Ag can be incorporated into the growing films by controlling the plasma deposition properties. For this purpose, macroscopic kinetics were used to characterise the deposition behaviour also as a base for possible industrial up-scaling. XPS and ICP-OES were used to analyse the chemical composition of the polymer-Ag nanocomposites and the Ag content which could be incorporated depending on the plasma process conditions. Finally, the Ag release was determined in bi-distilled water for classification and comparison with the antibacterial properties. The antibacterial effect of the polymer-Ag nanocomposites was proofed with the gram-strain Pseudomonas aeruginosa PAO1 and the gram? strain Staphylococcus aureus (ST12 Group) showing a clear efficacy dependence on the amount of released Ag and the possibility for tailor-made antibacterial active plasma films.
Introduction
Nanoparticles or nanocomposite films, containing e.g. silver (Ag) [1, 2] or copper [3] , are widely investigated for biomedical applications or antibacterial products [4] . Different to copper or nickel, silver shows no allergisation potential in contact with human skin.
Different production strategies are under research in order to combine antibacterially active Ag containing treatments with multifunctional properties, such as the combination of antibacterial properties with a non-cytotoxic environment [5, 6] . Nano-scaled plasma films facilitate such properties even in industrially applicable processes [7] . Low pressure plasma polymerisation using a gas mixture of ethylene (C 2 H 4 ) with ammonia (NH 3 ) or carbon dioxide (CO 2 ) was shown to yield a cross-linked hydrocarbon polymer coating containing nitrogen or oxygen functionalities, respectively [8, 9] . Simultaneous co-sputtering from a silver electrode with added argon gas supported in situ formation of Ag nanoparticles within the growing plasma polymer [10] [11] [12] [13] .
The deposition behaviour of plasma polymer coatings as well as nanocomposite films can be analysed and classified using a macroscopic approach based on the specific energy input into the plasma process [14] [15] [16] . An Arrhenius relation can be used to describe the mass deposition rate per unit of gas flow R m /F with the specific energy input W/F (power input per gas flow rate) as reaction parameter:
where E a represents an apparent activation energy (activation barrier) and G is a reactor and process dependent factor [17, 18] . The total gas flow rate F related to its contribution to film growth can be adjusted by adding the reactive gas flow rate F c with a flow (weighting) factor a (*0.5 for NH 3 ; *0.15 for CO 2 ; *0.05 for Ar) to the monomer flow F m , which comprises the reactivity of the gas in the polymerisation process [15] . It was shown that the functionality of the plasma polymers was maintained within the valid range of (1) [10, 11, 16] . With the help of the macroscopic kinetics model, the film deposition can thus be adjusted having the required Ag content to be antibacterially active which can be confirmed by Ag release measurements. A comparison of low pressure RF discharges (combination of PECVD and PVD) for the deposition of either nitrogen-or oxygen-functional polymer-Ag nanocomposites using gas ratios of NH 3 /C 2 H 4 = 1:1 and CO 2 /C 2 H 4 = 2:1 was carried out. The influence of the gas mixture and the power input on the deposition process was investigated with respect to the final Ag release for biomedical applications.
Materials and Methods
Plasma Polymerisation and Co-sputtering An asymmetrically configured 13.56 MHz radiofrequency (RF) driven plasma reactor was used to deposit the polymer-Ag nanocomposites. This setup included the powered Ag electrode (Ø = 16 cm), mounted on the top inside the plasma reactor (insulated by a ceramic plate) and the counter electrode (Ø = 30 cm) separated by a glass ring (Ø = 30 cm, h = 5 cm). Due to the sputtering conditions in the asymmetrical setup, Ag atoms are released and incorporated during the plasma polymer growth forming Ag nanoparticles by surface diffusion and agglomeration. The process pressure was kept constant at 10 Pa to enable both plasma polymerisation and RF sputtering (as described in more detail elsewhere [11] ).
Deposition Rate
The deposition rate was determined by weighing 10 thin glass substrates with a known size of 50 mm 9 24 mm each directly before and after the coating process with a Mettler AT 261 Delta Range Ò balance (precision: 0.01 mg). The CO 2 /C 2 H 4 coatings were deposited using an actual gas flow of 4 sccm CO 2 and 2 sccm C 2 H 4 . For the NH 3 /C 2 H 4 coatings a gas flow of 4 sccm for both gases was used. The coatings deposited with the admixture of Ar were carried out with an additional flow rate of 50 sccm Ar.
Inductively Coupled Plasma-Optical Emission Spectrometry

Ag Content
In order to determine the total Ag content of the coatings and Ag released into 4 ml deionized water, inductively coupled plasma-optical emission spectrometry (ICP-OES) was performed on plasma-coated Petri dishes (only films deposited with additional Ar) using an Optima 3000 Perkin Elmer instrument. The obtained Ag amounts for both tests were given in g cm -3 regarding the film thickness, which enable a good comparison with pure Ag (10.49 g cm -3 ).
Ag Release
The various coated dishes were exposed to 4 ml of deionized water (18 mV) at 37°C for a period of 1, 4, 6 and 14 days. The Ag-containing solution was then injected into the ICP-OES and optically analysed (Ag lines 328.068 and 338.289 nm).
Transmission Electron Microscopy
The polymer-Ag nanocomposite coatings on Si substrates were thinned in cross sectional view geometry with the tripod method. The final thickness suitable for electron transmission was achieved by an Ar ? beam milling system (RES 101 from Baltec). Low and high-resolution transmission electron microscopy (HRTEM) were performed with a Philips CM30 and a Jeol JEM FS2200 microscope, respectively.
X-ray Photoelectron Spectroscopy Analysis
The chemical composition, especially the Ag of the coatings deposited with different plasma conditions were analysed by XPS measurements. A PHI 5600 LS equipped with a hemispherical electron analyser and an Mg-Ka (300 W, 1253.6 eV) X-ray source was used to analyse the samples using a base pressure of 10 -6 Pa. Survey and high resolution spectra were recorded using pass energies of 187.8 and 29.8 eV and step widths of 0.400 and 0.125 eV, respectively. The calculation of the atomic concentration was performed with CasaXPS Version 2.3.12 software using the instrument specific sensitivity factors 0.314, 0.499, 0.733, and 6.277 for C1s, N1s, O1s, and Ag3d, respectively. The carbon C1s (C-C) binding energy was determined by measurement of the adventitious carbon on a pure gold coating and set to 284.5 eV. The background subtraction was performed using the Shirley approach.
Antibacterial Activity Tests
The samples were tested against a Pseudomonas aeruginosa PAO1 and an isolate of Staphylococcus aureus classified into the MLST group 12 (ST12). The testing was performed as follows: cultures of both strains were grown in tubes containing 6 ml of Lysogeny Broth (LB) (Carl Roth, Karlsruhe, Germany) at 37°C/ 170 rpm for 18 h. An aliquot of 1 ml was taken from these cultures and centrifuged at 5.000 g for 3 min at RT (Biofuge Primo R, Thermo Fisher Scientific Germany Ltd. & Co. KG, Braunschweig, Germany). Afterwards the aliquot was resuspended and diluted in 1:10 LB medium (dilution in sterile distilled water). The initial bacterial concentration in the Petri dishes (Bibby Sterilin Ltd., Stone, Staffs, UK) was for both strains between 2 9 10 4 and 6 9 10 4 Colony Forming Units (CFU) ml -1 . Valuable cell number was determined by viable cell count and correlated to photometer measurements at 600 nm (Genesys UV 10, Thermo Fisher Scientific Germany Ltd. & Co. KG, Braunschweig, Germany). Coatings were tested by growing bacteria on plasma polymer coated 50 mm Petri dishes containing 4 ml of 1:10 LB medium. The Petri dishes were statically incubated at 37°C for 20-24 h. After the incubation period the suspensions were serially diluted and a viable cell count was prepared on LB-Agar plates. Agar plates were incubated for 24 h. As control, uncoated Petri dishes were used as well as Petri dishes that were plasma-coated lacking silver. Each parameter was tested in duplex or triplicate, for each repetition a separate bacterial culture was prepared. Only those plates that showed 30-350 colonies were counted.
Results and Discussion
The distribution of the Ag nanoparticles in a 100 nm thick functional plasma polymer matrix is shown exemplarily in Fig. 1 for the CO 2 /C 2 H 4 coating, which is in good agreement with the NH 3 /CO 2 coatings [19] . The high agglomeration of Ag in the first 10 nm was found to be caused by the initial process conditions enabling a higher Ag sputtering rate [12] and by metal agglomeration at interfaces [20] . An increasing coating thickness above 10-15 nm (increasing process duration) resulted in more randomly distributed Ag nanoparticles within the hydrocarbon matrix with a lower metal volume filling factor [21] .
Changes of the deposition rates of coatings produced with a gas ratio NH 3 /C 2 H 4 of 1:1 and CO 2 /C 2 H 4 of 2:1 were analysed using an Arrhenius-type plot showing the dependence on power input per flow rate W/F (Fig. 2) . The incorporation of Ag (nanoparticles) into the growing functional hydrocarbon matrix can be obtained for higher energy inputs (regime II) as indicated by the strongly increasing deposited mass (as compared to an Arrhenius behaviour). The increase in Ag content was proofed with ICP-OES analyses of the films, where an increasing power input yielded a higher Ag (nanoparticle) content (Fig. 3) . The coatings deposited with a low energy input (regime I in Fig. 2) show a linear range in the Arrhenius-type plot indicating a dominance of plasma polymerisation processes [15] and very low Ag sputtering rates [11] . The coatings referring to the linear range contain only a minimum of Ag up to no detectable Ag. The clear differences of the Ag content in the dependence of the power input of both gas mixtures points towards a reduced Ag sputtering rate within an oxygen containing plasma. The finding of a decrease of the deposited mass with Ar admixture (Fig. 2) might be related to a limitation by surface reactions on the grounded electrode due to a reduced residence time at higher total gas flow [22] . However, the Ag sputtering rate was increased due to the admixture of Ar, which can already be seen by the decrease in difference between the deposition rates in regime II with and without Ar (Fig. 2) . Therefore, Ar admixture was used for the following investigations.
The Ag release might not only be controlled by the Ag content. The chemical composition of the coatings and the crosslinking of the polymer matrix will also influence the effective Ag release. More cross-linked plasma polymers comprise less polar groups and voids, thus reducing their water uptake. Finally, this will affect the oxidation of the Ag nanoparticles and ion exchange properties of the polymer-Ag nanocomposite coatings [23] according to the formula:
The atomic percentage of Ag increases with increasing power input (Table 1) which could be already detected by the use of ICP-OES. The incorporation of nitrogen and oxygen in the polymer matrix was found to be (more or less) independent of power input at constant gas ratio as could be expected for the Arrhenius regime. Increasing ion bombardment, however, can favour the production of more cross-linked coatings [24] . Since XPS is a surface sensitive method (penetration depth up to 5 nm), whereas ICP-OES includes the whole film, small deviations (in Ag content) can occur between both analysis methods. Finally, the Ag release was determined indicating a clear dependence on the incorporated Ag content. The same Ag release behaviour was observed for the coatings produced with the NH 3 /C 2 H 4 gas ratio 1:1 and 10 W power input and the oxygen containing coating (CO 2 /C 2 H 4 = 2:1) produced with 30 W. These coatings contain approximately the same (low) Ag content (Fig. 3) . A higher Ag release was obtained for the coatings produced with a higher power input (Fig. 4) . A more continuous Ag release was found for the CO 2 /C 2 H 4 coatings produced with 75 W, whereas the NH 3 /C 2 H 4 -30 W coating showed an initial Ag release boost [19] . This indicates differences in the matrix structure and density. Coatings deposited with the NH 3 /C 2 H 4 gas ratio of 1:1 appear to be nanoporous as illustrated by the low film density between 1.2 and 1.3 g cm -3 [25] . The lower chemically induced etching effects of CO 2 compared to NH 3 [15] and the increased polymer crosslinking due to the high power input of 75 W (higher ion bombardment) led to a higher film density of 1.4-1.5 g cm -3 of the oxygen containing coatings [17] . The decrease in the Ag release values between the 6th and 14th day of the coating produced with 75 W could be due to a redeposition of the released Ag because of the static conditions of the cumulative test method. In general, the Ag release values of the polymer-Ag nanocomposites can be adjusted by the examined process parameters gas ratio and energy input over a broad range of antibacterial requirements. The Ag release values of the polymer-Ag nanocomposite coatings are in good agreement with other studies using other silver doped materials [26] , other test solutions [27] or temperatures [28] . These multifunctional polymer-Ag nanocomposites were tested with gram? and gram-bacteria resulting in highly antibacterially active coatings (Fig. 5 ), yet enabling cytocompatible properties for a certain process window. The differences in Ag content respective Ag release in case of the oxygen based nanocomposites led to different ranges of antibacterial properties (Fig. 5) . The lowest Ag content of 0.03 g cm -3 with the lowest Ag release of 0.19 lg cm -2 after 24 h (in 4 ml bi-distilled water) of the CO 2 /C 2 H 4 2:1-30 W film was found to be sufficient to kill P. aeruginosa, but slightly too low to kill S. aureus. The polymer-Ag nanocomposite (CO 2 /C 2 H 4 2:1-50 W) with a Ag content of 0.08 g cm -3 and a release of 0.46 lg cm -2 after 24 h turned out to be effective against both bacterial strains. Both coatings were still cytocompatible [29] . All other presented plasma coatings were highly effective against the tested strains, but showed cytotoxic effects, as well. The differences in the antibacterial performance of the nitrogen based coatings compared to the oxygen based coatings having almost the same amount of Ag and similar Ag release kinetics can be explained by the differences in the film morphology. The Ag nanoparticles are mainly present in deeper regions of the oxygen based coatings [12] , whereas the nanoparticles are more homogeneously distributed over the whole thickness in the nitrogen based coatings [19] . The more homogenous distribution favours a higher Ag ion concentration close to the polymer-Ag nanocomposite surface already shortly after incubation with bacteria or cell solution. No bacteria or cell attachment within the first 24 h could thus be observed. The CO 2 /C 2 H 4 coatings with the low Ag content and the deeper lying nanoparticles can be considered as a multilayer film consisting of polymer-Ag nanocomposite with homogeneously distributed Ag nanoparticles and an ad-layer on top with only randomly distributed nanoparticles yielding a deceleration of the Ag release. In this case, the cells can attach, which could also be proofed by a multilayer coating design [29] .
Conclusion
Important criteria for the design of antibacterial polymer-Ag nanocomposite coatings are the adjustment of the Ag incorporation, the effectivity (in terms of potential Ag release per incorporated Ag), and the time frame of the Ag release (initial Ag boost or continuous Ag release). The Ag release is affected by the plasma polymer properties, e.g. functionality and porosity (film density), as well as the amount of Ag. These coating properties can be adjusted by variation of the gas mixture and the power input as demonstrated by the use of macroscopic kinetics and ICP-OES analyses. A high antibacterial effectiveness as well as a process window, where antibacterial effectivity and cytocompatibility are combined, could be shown due to the adjustability of the polymer-Ag nanocomposite properties as well as the Ag release behaviour. Finally, the morphology of the coatings is a key parameter designing antibacterial yet still cytocompatible coatings.
